
J 

Fi f th  Quar t e r ly  Repor t  

for 

CHARACTERIZATION OF NICKEL- CADMIUM ELECTRODES 

1 July, 1964 - 1 October ,  1964 

Con t rac t  No. NAS 5 - 3477 

P r e p a r e d  by 

Genera l  E lec t r i c  Company 

Advanced Technology L a b o r a t o r i e s  

Schenectady, New York 

\ 
f o r  

Goddard Space F l igh t  Cen te r  \M \ Greenbel t ,  Maryland 

d z, z 
- s %  

l l A d  0, .s 
r 

d 

3 ;G 
9 

0 0  0 

z 

CTYRU' 

N65  15814 
(ACCES$ON NUMBER) - 

P 1 L 

1 2 (NASA CR O R  TMX O R  AD NUMBER) AI (CATLOORYI I 



Fif th  Quar t e r ly  Repor t  

f o r  

CHARACTERIZATION OF NICKEL- CADMIUM ELECTRODES 

1 July, 1964 - 1 October ,  1964 

Contract  No. NAS 5 - 3477 

P r e p a r e d  by 

Genera l  E lec t r i c  Company 

Advanced Technology Labora to r i e s  

Schenectady, New York 

f o r  

Goddard Space Fl ight  Cen te r  

Greenbelt ,  Maryland 



c 

SUMMARY ,5814 
T h e  object ive of t h i s  contract  i s  t o  develop a method 

of  analysis  and character izat ion of the electrodes used i n  
nickel-cadmium sealed c e l l s .  It i s  based primarily on a 
comparison of de ta i led  polar izat ion measurements of s ing le  
e lectrodes before and a f t e r  per iodic  operation i n  selected 
modes of cyc l ic  t e s t ing  of c e l l s  a t  th ree  temperature l eve l s  
O O f  2 5 0 f  and 4OoC. A correlat ion of t h i s  data  should provide 
a bas i s  for  specifying improved cells for  space appl icat ions 
a s  w e l l  as comparing c e l l s  from various manufacturers. 

During t h i s  quarter ,  Random Discharge tests (RA) and 
Constant voltage,  C u r r e n t  l imited Charging Cyling tests 
(RB) were continued. Shallow Discharge (CC) t e s t  e lectrodes 
were examined by x-ray d i f f rac t ion ,  photo-micrography, e lec t ro-  
chemical capacity evaluation and recharacter izat ion t e s t s .  
Cel ls  w i l l  be returned t o  CC t e s t  program next quarter  a s  
sealed c e l l s .  
p l a t e s  w i l l  be 

Examination of these and the  other  program 
completed next quarter .  
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1.0 INTRODUCTION 

T h i s  repor t  covers the work done during the  f i f t h  
quarter of an 18-month program t o  develop a method fo r  the 
ana lys i s  and character izat ion of the  e lec t rodes  used i n  
nickel-cadmium spacecraft  b a t t e r i e s .  

The goal of the  program i s  t o  develop a cor re la t ion  
between de ta i l ed  character izat ion da ta  obtained on s i n g l e  
e lectrodes i n  c e l l s  i n  various modes of cyc l i c  operation. 
Such a cor re la t ion  w i l l  provide a b a s i s  fo r  specifying 
improved c e l l s  for  space application and comparing cells 
from various manufacturers . 

A breakdown of t he  program i n t o  tasks  i s  given i n  
T a b l e  I. The tes t  program i s  devided i n t o  two par t s :  
one, t he  i n i t i a l  character izat ion t e s t i n g  of p l a t e s  (Task I V ) ;  
and the  o ther ,  the cycling o f  c e l l s  made from character ized 
p l a t e s  i n  se lec ted  modes of operation (Tasks V - V I I ) .  
Per iodical ly ,  t e s t  cells  w i l l  be removed from tests and the  
individual  e lectrodes w i l l  be recharacter ized and examined 
f o r  changes i n  physical  propert ies  and comparisons made t o  
t h e  o r i g i n a l  character izat ion data. 

T h e  i n i t i a l  character izat ion w i l l  be made by ana lys i s  of 
da t a  taken i n  s ing le  e lectrode experiments based on the u s e  
of continuous recording of charge-discharge curves under 
various t e s t i n g  regimes. T h e  charac te r iza t ion  information 
w i l l  include: 1) polar izat ion of each electrode under various 
conditions,  2) complete charge and discharge curves showing 
e lec t rode  capacity,  impurity l eve l s ,  onset  of gassing, 
g raph i t i c  and an t ipolar  capacity,  and reproducib i l i ty  of ce l l  
operation, and 3) t he  onset of changes i n  capaci ty  under 
various operation conditions. 

Most p l a t e s  i n  t h e  program w i l l  be SAFT type VO, prepared 
as fo r  space c e l l s .  T e s t s  w i l l  be made a t  t h ree  temperatures: 
Oo, 250,  and 4OoC. Fai lure  ana lys i s  on cycled cel ls  w i l l  be 
made, using v i sua l ,  mechanical, chemical and electrochemical 
procedures . 

During the  f i f t h  quarter ,  t he  Shallow Discharge Cycle 
test cells were examined v isua l ly  and microscopically i n  cross  
sec t ion ,  by x-ray d i f f r ac t ion  and by res idua l  capaci ty  deter-  
minations. Most of t he  pos i t ive  p l a t e s  exhibi ted extensive 
pimpling and w e r e  not  returned t o  t h e  cycl ing program. 

- 1 -  
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These w e r e  replaced by a series of KO-15 p l a t e s  which 
p r i o r  extended overcharge t e s t i n g  had shown t o  be less 
suscept ible  t o  pimpling than the  SAFT I83 pla tes .  Some of 
t he  SAFT pos i t i ve  p l a t e s  were i n  "sa t i s fac tory"  condition 
b u t  w e r e  not returned t o  the t e s t i n g  program. None of t he  
negative p l a t e s  suffered obvious physical degradation and with 
a f e w  exceptions, a l l  were returned t o  t e s t i n g  program, 
Exceptions w e r e  those p l a t e s  which w e r e  damaged i n  disassembly 
and those which w e r e  c u t  apar t  f o r  x-ray examination. 

sealed cells f i t t e d  with pressure gauges and r e l i e f  valves 
designed t o  vent excess pressure a t  50 p s i  * 5%. 

The new Shallow Cycle t es t  cells  w i l l  be mounted i n  

Invest igat ion of t he  t es t  e lectrodes of the  Random 
Discharge T e s t  ce l ls  and the Constant voltage,  Current-limited 
Charge cycle t es t  c e l l s  a lso showed pimpling of the  pos i t i ve  
p la tes .  Some of these VO p l a t e  e lec t rodes  were replaced by 
KO-15 p l a t e s  which had been character ized e a r l i e r .  These 
cel ls  w e r e  replaced i n  their  respect ive cycling tests. The 
number of replacement e lectrodes w e r e  l imited by the  ava i l -  
a b i l i t y  of reserve KO-15 p l a t e s  t ha t  had been character ized 
earlier.  The p l a t e s  t h a t  were removed w i l l  be recharacter ized 
and examined microscopically i n  the  f i n a l  quarter .  

I n  the  character izat ion of nickel  hydroxide electrodes,  
a discharge plateau occurs a t  -0.200 v o l t s  (Figure 4,  
1st Quar t e r ly  R e p o r t )  which i s  designated a s  t he  g raph i t i c  
capaci ty  i n  our study, 
by workers i n  the  f i e l d  t o  t h i s  capaci ty ,  which h i s t o r i c a l l y  
w a s  first observed i n  e lectrodes containing graphi te  i n  
t h e i r  s t ruc ture .  The capacity w a s  ascribed t o  the formation 
of g raph i t i c  oxides on the  surface of the  graphite.  
s ince  t h i s  capacity i s  observed i n  e lectrodes t h a t  do not  
contain graphi te ,  as i s  t r u e  i n  t h i s  study, the name i s  
misleading, and the graphi t ic  capaci ty  m u s t  be r e l a t e d  i n  a 
more fundamental way t o  the  operation of t he  n icke l  hydroxide 
electrode than w a s  o r ig ina l ly  proposed. Because of t he  lack 
of a s u i t a b l e  subs t i t u t e ,  the name g raph i t i c  capacity i s  re- 
ta ined ,  b u t  with t h e  understanding t h a t  it i s  not  ac tua l ly  
associated with the  presence of graphi te  i n  the  electrode 
s t r u c t u r e  . 

The name has been applied general ly  

However, 

L i t t l e  work has been done on the  cause o r  nature  of t h e  
g raph i t i c  capacity. 
of some type of loose oxygen compound with the  n icke l  substrate 
possibly an i n t e r s t i t i a l  absorption of t he  oxygen i n  the n icke l  
l a t t i ce  a t  t he  surfaces of t he  n icke l  substrates .  This i s  
suggested by the  f a c t  t h a t  upon s tand,  a la rge  p a r t  of t h e  

What l i t t l e  i s  known,pointstothe presence 
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charged g raph i t i c  capacity i s  l o s t :  presumably by evolution 
of oxygen o r  by conversion t o  some o ther  n icke l  compound, 

A possible  mechanism involving the g raph i t i c  capacity 
i n  the operation of the nickel hydroxide electrode i s  a s  
follows: the g raph i t i c  capacity i s  p a r t i a l l y  charged during 
the i n i t i a l  s tages  of the charging of t h e d e c t r o d e s ;  t h i s  
would be expected i n  view of t he  lower po ten t i a l  needed, 
A f t e r  some s tage i n  t h e  i n i t i a l  charging has been reached, 
the metastable compound formed would slowly evolve oxygen, 
possibly through the  intervention of a c a t a l y s t  on the 
n icke l  e lectrode surface. Upon overcharging the react ion 
r e l a t i n g  t o  the g raph i t i c  capacity i s  converted t o  the 
oxygen evolution react ion,  and the  g raph i t i c  capacity becomes 
f u l l y  charged. 

A consequence of t h i s  pa r t i cu la r  mechanism, coupled w i t h  
the theory tha t  the capacity i s  due t o  an i n t e r s t i t i a l  compound 
of oxygen i n  the  n i c k e l  l a t t i ce ,  would be tha t  e lectrodes 
showing a la rge  g raph i t i c  capacity could be subject  t o  a more 
rap id  destruct ion of the  nickel substrate by overcharging than 
electrodes not showing the la rge  capacity. T h i s  destruct ion 
arises from the f a c t  t h a t  i f  oxygen i s  not evolved by the 
intermediate mater ia l  a t  a r e l a t i v e l y  high rate  as postulated 
i n  the charging mechanism given above, then it w i l l  en t e r  t he  
n icke l  l a t t i ce ,  and rupture it leading t o  mechanical des t ruc-  
t i o n  of the electrode. A p a r t i a l  cor re la t ion  i s  given by the  
data i n  T a b l e  11, i n  which the electrodes tha t  show mechanical 
degradation a l so  i n  general show la rge  g raph i t i c  capaci t ies .  
T h i s  suggests tha t  an examination of the data fo r  p l a t e s  t ha t  
w e r e  discarded during the i n i t i a l  charac te r iza t ion  should be 
made t o  check on this  correlat ion,  T h i s  w i l l  be done i n  the 
next quarter , 

- .3 - 
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- 2.0 DISCUSSION 

The work accomplished t h i s  quarter included disassembly 
of tihe Shallow Discharge Cycling tes t  cel ls  (Task V) and 
examination of e lectrodes,  determination of r e s i d u a l  charge 
capacity for  one negative and one pos i t i ve  p l a t e  per  ce l l  
followed by recharacter izat ion of the f u l l y  discharged p l a t e s ,  
and f i n a l l y  the microscopic and x-ray examination of one 
negative and one pos i t ive  p l a t e  from each cel l ,  I n  addi t ion,  
the CC cel ls  w e r e  reconstructed, using KO-15 electrodes as 
s u b s t i t u t e s  for  the VO pos i t ive  p l a t e s ,  as sealed c e l l s .  

Some pos i t ive  electrodes were a l so  replaced i n  the  
Random Discharge tests and i n  the Constant voltage,  C u r r e n t -  
l i m i t e d  Charging Cycling test .  

T h e  de ta i l s  of the work accomplished a re  reported i n  the 
following sections.  

2 . 1  T e s t  C e l l  A s s e m b l y  - Task I1 

Shallow Discharge Cycling tests (Task V) i n  the previous 
quarters w e r e  conducted i n  vented c e l l  assemblies. Water 
w a s  added t o  the ce l l s  per iodical ly  t o  compensate f o r  water 
l o s t  by evaporation and by e l ec t ro lys i s .  To prevent t h i s  
loss and t o  force the  oxygen recombination react ion a t  the  
negative electrode during the charge cycle ,  the reconstructed 
ce l l s  w i l l  be sealed. T h e  new c e l l s  when inse r t ed  i n t o  the 
t e s t  program w i l l  be f i t t e d  w i t h  pressure gauges and relief 
valves t o  prevent rupture of the c e l l s  i n  t h e w e n t  of ex- 
cess ive ly  high pressures. 

In  addition s ince a l l  c e l l s  are i n  a s e r i e s  c i r c u i t ,  it 
w a s  necessary t o  provide a simple by-pass switching c i r c u i t  
t o  permit any c e l l  o r  c e l l s  t o  be removed from the  cycle fo r  
any reason. A t  the end of t h i s  quarter  the reconstructed 
c e l l s  w e r e  ready t o  be reinserted i n t o  the t e s t i n g  program. 

2.2 CA-CB T e s t  - Task I V  

I n i t i a l  character izat ion of pos i t i ve  and negative p l a t e s  
w a s  completed i n  the fourth quarter, Plates  removed from the 
Shallow Cycling test  c e l l s  were recharacter ized t h i s  quarter 
i n  an e f f o r t  t o  i den t i fy  t h e  nature  of o r  f ac to r s  contr ibutary 
t o  the loss of electrode capacity af ter  extended periods of 
shallow cycling, 

T a h l e  I i s  a compilation of the r e s u l t s  of the o r i g i n a l  
charac te r iza t ion  and recharacter izat ion tests subsequent t o  
the Shallow Discharge Cycling test  (CC) f o r  t he  pos i t i ve  

- 4 -  



p la t e s .  The  CC t es t  data  (temperature; number of cyc le s ) ,  
physical  descr ipt ion of the electrodes and measurements of 
g raph i t i c  and n i t r a t e  reduction s t eps  are a l so  shown i n  the 
table. Final ly ,  character izat ion and recharacter izat ion of 
f i v e  pos i t ive  p l a t e s  (KO-15) which had been s tored  dry a t  
40oC without cycling f o r  two months between tests a re  
included. 

T a b l e  I1 shows the results of the o r ig ina l  charac te r iza t ion  
and recharacter izat ion subsequent t o  the  CC cycling test  fo r  
the  negative electrodes.  The charge acceptance and the  change 
of discharge capacity of the negative p l a t e s  af ter  the cycling 
tes t  w e r e  a l so  calculated and tabulated.  Final ly ,  four 
negative electrodes were s tored i n  dry discharged s ta te  f o r  
two months a t  4OoC-between character izat ions t o  determine 
effect  of the higher temperature on the discharge capacity 
of the negative p l a t e s  without electrochemical ac t iv i ty .  

One undischarged pos i t ive  and one negative p l a t e  from 
each CC t e s t  ce l l  were examined by x-ray d i f f r a c t i o n  t o  
determine the q u a l i t a t i v e  nature of the materials i n  e lectrodes 
a t  each of three d i f f e r e n t  depth planes. Photo-micrographs 
w e r e  taken of one each of the pos i t i ve  p l a t e s  i n  the various 
t e s t  c e l l s .  The  photos show an oblique cross-sect ional  view 
of the n icke l  plaques f r o m  the surface t o  the n icke l  p la ted  
steel substrate ,  

D e t a i l s  of the work done are given below. 

2.2.1 Characterization and recharacter izat ion of Nickel 
Electrodes from Shallow Discharqe Cycl inq  (CC) test  cells. 

Characterization data  of a l l  t e s t  e lectrodes were taken 
during previous quarters. T h e  charac te r iza t ion  process in-  
volved s i x  consecutive cyc l ic  charging and discharging of 
e lec t rodes  a t  pre-set  current l e v e l s  i n  separate  t e s t  cells  
f o r  pre-set  t i m e  in te rva ls .  The half c e l l  p o t e n t i a l s  of 
the pos i t i ve  and negative electrodes vs. a 10% discharged 
n icke l  e lectrode a re  continuously monitored and recorded 
during the  cycling process. The length of t i m e  a t  constant 
cur ren t  from the  beginning t o  end of the charge and dis-  
charge react ions i s  converted i n t o  mahrs charge and discharge 
capacity,  Six s u c h  measurements cons t i tu ted  the charac te r i -  
zat ion and subsequent recharacter izat ion of t he  individual  
e lec t rodes  fo r  the purpose of t h i s  test. 
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The nominal capacity of the  electrodes was determined 
t o  be approximately 1000-1200 mahrs for  the nickel  and 
1200-1500 mahrs for  the cadmium electrodes.  The current  
and time requirements for  the cycling program =e-adjusted 
t o  allow charge and discharge of these nominal capac i t ies  
a t  various rates. The most commonly used program was a 
twelve hour charge a t  140 ma and ' t e n  hours discharge a t  
160 ma with intervening rest periods of approximately 10 
minutes . 

I n  the case of the nickel  e lectrode,  there  i s  no voltage 
in f l ec t ion  point  during charge t o  s igna l  completed charging 
(see Figure 4, 1st Quarter ly  Report). The discharge capaci ty ,  
g raphi t ic  capacity and n i t r a t e  reductions capacity are  readi ly  
obtained, however, and are  recorded i n  Table I fo r  several  
test  VO e lectrodes.  

I n  addi t ion,  data  from several  KO-15 electrodes which 
were character ized , stored i n  a dry discharged s t a t e  for  
two months a t  40OC, and recharacter ized a r e  included. 

2.2.1.1 Test r e s u l t s  

It  was reported e a r l i e r  t h a t  t e s t  c e l l s  CC#1-25OC and 
CC #6-0OC were found t o  be shorted out  sometime during the  
Shallow cycling t e s t  period. For t h i s  reason, e lectrodes 
from these c e l l s  a re  not included i n  T a b l e  I. 

2.2.1.2 25OC T e s t  Cells 

O f  those electrodes run fo r  2660 cycles  a t  room tern.- 
Perature (25OC), the  p l a t e s  i n  CC#3 were i n i t i a l l y  character ized 
a t  the  C/10 r a t e  while those i n  CC#5 were i n i t i a l l y  character ized 
a t  the C/1 r a t e .  Electrodes i n  #3 c e l l  showed a loss of capaci ty  
and also physical deter iorat ion of the ac t ive  mater ia l .  I n  
cont ras t ,  #5 c e l l  e lectrodes showed a s l i g h t  gain i n  capaci ty  
w i t h  no de te r iora t ion  of material .  

Ea r l i e r  tests showed t h a t  i n  general ,  the higher the 
charac te r iza t ion  charge r a t e ,  the  fewer were the electrodes 
which survived the i n i t i a l  character izat ion without pimpling 
o r  b l i s t e r i n g .  T h i s  suggests t h a t  e lectrodes tha t  survived 
the higher charge-rate character izat ion conditions may be,  
on the  average, intrirEically more d u r a b l e  than those which have 
never been subjected t o  these conditions. Alternat ively,  it 
might be t h a t  the higher charge-rate a l t e r s  the  electrode i n  
some way tha t  it may be cycled fo r  longer periods of t i m e  
t he rea f t e r  without deter iorat ion.  A t  any r a t e ,  the  higher 
rate has served t o  screen out i n f e r i o r  e lectrodes from the 
standpoint of physical  changes for  the 25OC CC test  c e l l s .  
The importance of t h i s  e f f ec t  i s  questionable i n  the case of 
t h e  OOC and 40OC tes t  c e l l s  which w i l l  be described l a t e r .  
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T h e  length of the graphi t ic  s t ep  tends t o  increase during 
repeated cycles i n  the character izat ion process and appears t o  
reach some f i n a l  l eve l .  The graphi t ic  s t e p  i s  believed t o  be 
associated with a reduction of absorbed oxygen. In  a system 
without oxygen present ,  there  w i l l  be no g raph i t i c  s tep.  In  
the  real  case of a cycling c e l l ,  the  amount of absorbed oxygen 
w i l l  be a function of the  amount of oxygen generated by previous 
charges which i s  not  consumed i n  subsequent discharges. 

From these considerations,  it can be seen t h a t  the f irst  
g raph i t i c  s t e p  a t  the  end of the  f i r s t  discharge of the 
character izat ion program i s  indica t ive  of both the  nature of 
the  electrode ( i ts  absorption capacity) and the  p r i o r  h i s to ry .  
The increase i n  subsequent s teps  are more probably due t o  some 
a l t e r a t i o n  of the electrode material  during the  character izat ion 
cycling i t s e l f .  Only the f i n a l  length of the  g raph i t i c  s t e p  
i s  important i n  the i n i t i a l  character izat ion data  s ince t h i s  
i s  most t r u l y  representat ive of the g raph i t i c  capacity of the 
electrode a t  the t i m e  the  CC test  s t a r t ed .  

I n  the case of the recharacter izat ion da ta ,  the f irst  
g raph i t i c  s t e p  i s  probably most s ign i f i can t .  The  f a c t  tha t  it 
i s  s m a l l  compared with the previously measured values,  suggests 
t h a t  l i t t l e  formation of graphi t ic  capacity occurred i n  the 
l a t t e r  portion of the CC program, and the i n i t i a l  g raph i t i c  
capaci ty  has been converted by lapse of t i m e  t o  regular  capacity. 
The s m a l l  i n i t i a l  length of the g raph i t i c  s t e p  supports the  
per iodic  observations t h a t  the cel ls  w e r e  not inverted during 
the cycling. 

CC #3 had an exceptionally high res idua l  capacity of 1138 
mahr. This c e l l  inadvertently received two successive charges 
without an intervening discharge immediately before being 
removed from the tes t  cycle program. While the  e r r o r  w a s  
unfortunate,  it d id  tend t o  i l l u s t r a t e  the  importance of  p r i o r  
h i s t o r y  on the length of the g raph i t i c  s tep.  I n  s p i t e  of the  
inadvertent  e x t r a  charge, the f irst  g raph i t i c  s teps  ( 2 4 ,  50 mahr) 
w e r e  much lower than the f i n a l  values ( 7 5 ,  130 mabr) developed 
during the  recharacterization. Obviously one prolonged charge 
i s  not enough t o  develop the graphi t ic  s t e p  and i t s  t r a n s i t o r y  
n a t u r e  i s  reaffirmed. 

Gassing behavior of pos i t ive  electrodes has shed some l i g h t  
on the  "memorization" phenomenon. It  has been observed t h a t  
charging ef f ic iency  of the  posi t ive electrode i s  a function of 
the s ta te  of charge of t he  electrode. 
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A consequence of t h i s  i s  t h a t  a s  the  electrode i s  being 
charged from the f u l l y  discharged condition, the i n i t i a l  
e f f ic iency  i s  high u n t i l  roughly 40% of the capacity i s  
restored. 
increases  w i t h  increased charge l e v e l  u n t i l  the  e lectrode i s  
f u l l y  charged (see Figure 3,  4th Quar t e r ly  Report). 

Thereafter the r a t e  of evolution of oxygen s t e a d i l y  

It  i s  clear tha t  the r a t i o  of charge/discharge amp-hr. 
m u s t  be considerably higher t o  maintain a high l eve l  of 
res idua l  capacity over an extended period of Shallow discharge 
cycling than would be required i f  the  electrode w a s  f u l l y  
discharged. 
s ince the ra te  of oxygen evolution changes with increasing 
charge leve l .  
gassing curve also var ies  with charge r a t e  and cycling h i s to ry  
of a p a r t i c u l a r  p la te .  Final ly ,  i n  addition t o  the  spread 
between individual samples, there  i s  a temperature and con- 
cent ra t ion  e f f e c t .  

The prec ise  r a t i o  i s  d i f f i c u l t  t o  determine 

Moreover, both the  slope and onset of the 

I n  view of these considerations,  it i s  not surpr i s ing  t h a t  
the r e s idua l  capacity of the test  p l a t e s  has been found t o  be 
spread over a range of 20-30% of the  nominal e lectrode capacity. 

The  1138 m a h r  capacity of P1-23 i s  inexpl icable ,  however, 
a t  t h i s  point.  Presumably the true res idua l  capacity w a s  of 
the  order of 200-400 mahr before the  ex t r a  300 mahr charge 
t h a t  it received before being removed from the tes t  program. 

The n i t r a t e  reduction s teps  appeared only af ter  several  
voltage inversions during the  recharacter izat ion process. 
This w a s  t o  be expected i f  there was l i t t l e  o r  no inversion 
during the CC t es t  cycling. Under such conditions,  n i t r a t e  
pockets not exposed and reduced during cleaning and charac te r i -  
zat ion w i l l  remain inaccessible t o  electrochemical react ion 
u n t i l  a sequence of deep discharges uncover them. The f a c t  
t ha t  the n i t r a t e  reduction was s t i l l  v i s i b l e  a t  a l l  after the  
prolonged cycling h i s t a r y  i l l u s t r a t e s  the permanence of n i t r a t e  
contamination of the  posi t ive electrodes.  It a l so  underscores 
the  necessi ty  of thorough electrochemical cleaning of pos i t i ve  
p l a t e s  made by n i t r a t e  impregnation p r i o r  t o  ce l l  assembly. 
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22.1.3 O°C T e s t  C e l l s  

The res idua l  capacity of one pos i t i ve  electrode i n  the 
t e s t  ce l l  which d i d  not develop an i n t e r n a l  shor t  c i r c u i t  
during the CC t e s t  w a s  found t o  be very low. The change i n  
characterized capacity,  however, w a s  very s l i g h t  (approx. 5%) 
from the recharacter izat ion data. Measurements of the 
graphi t ic  s teps  and n i t r a t e  reduction s t eps  ind ica tes  there 
w a s  l i t t l e  o r  no voltage inversion. This indica tes  that  t h i s  
p a r t i c u l a r  e lectrode w a s  supplying only a s m a l l  f r ac t ion  op 
the t o t a l  c e l l  capaci ty  during the CC test  s ince there w a s  
s u f f i c i e n t  ce l l  capacity t o  prevent c e l l  inversion. 

It  fur ther  i l l u s t r a t e s  t h e  importance of running residual  
capacity checks on electrodes i n  a ce l l  i n  f u t u r e  tests. 
The physical appearance of the electrode indicated some loss 
of mater ia l  from t h i s  electrode. The  capacity determined by 
the recharacter izat ion demonstrates t ha t  some previously 
unavailable capacity m u k t  have been developed during the 
CC t es t  cycling. This probably resul ted from corrosion of 
the s in t e red  nickel  s t r u c t u r e  and i s  cons is ten t  w i t h  s i m i l a r  
observations by o ther  experimentors . 
2.2.1.4 40OC T e s t  C e l l s  

The e lectrode tested from CC#9 w a s  found t o  have l o s t  
capacity--presumably due t o  loss of material from the 
electrode. R e s i d u a l  capacity w a s  not measurable  i n  s p i t e  
of the fact  tha t  the  ce l l  had an open-circuit  po ten t i a l  of . 
grea ter  than I. v o l t  immediately after being removed from 
the CC t es t  program. All c e l l s  except CC#3 were removed a t  
the same t i m e  b u t  disassembled only immediately before the 
res idua l  capacity checks were made. T h e  appearance of the 
electrode suggests the p o s s i b i l i t y  of a high r e s i s t ance  
i n t e r n a l  sho r t  t ha t  might have discharged th i s  ce l l  slowly 
i n  the interium period. Both the s m a l l  i n i t i a l  g raph i t i c  and 
n i t r a t e  reduction s t eps  seem t o  ind ica te  that  the ce l l  had been 
functioning normally without repeated inversions i n  the l a t t e r  
port ion of the tes t  period. 

The same observations apply t o  CC t e s t  c e l l  #2. The low 
g raph i t i c  s teps  on recharacter izat ion should be noted. T h i s  
shows tha t  the graphi te  s tep appears t o  be converted t o  
permanent capacity and t h a t  the new g raph i t i c  capacity i s  not 
developed without extensive overcharge. 

There w a s  no obvious change i n  e lectrode appearance showing 
that loss of i n i t i a l  capacity i s  not  necessar i ly  due t o  loss of 
material from the electrode. Moreover the  tes t  temperature 
e f f e c t  on deomposition of charged mater ia l  w a s  not the reason 
s ince  the  r e s i d u a l  capacity w a s  quite high compared w i t h  t he  
25% tes t  cells .  There i s  undoubtedly some long t i m e  affect 
of temperature b u t  the present data i s  not i n  i t se l f  conclusive. 
Graphi t ic  and n i t r a t e  reduction s t eps  ind ica t e  again tha t  cycling 
w a s  not  accompanied by extended periods of po ten t i a l  inversion. 
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2.2.1.5 4OoC Storaqe Tests 

t 

The 4OoC CC t e s t  c e l l s  discussed above w e r e  cycled 
fo r  53 days. 
thg same as the  VO plaques,-were character ized,  s tored a t  
40 C i n  a dry discharged s t a t e  fo r  60 days and recharacterized. 
There was no s ign i f i can t  change i n  capaci ty ,  appearance, 
graphi te  s t ep  o r  n i t r a t e  reduction step.  
alone does not  a f f e c t  electrode capacity of KO-15 o r  VO p l a t e s ,  
by analogy--over the tes t  period. 

A separate  group of KO-15 plates . -  e s sen t i a l ly  

4OoC temperature 

2.2.2 Charaterization and Recharacterization of Cadmium 
Electrodes from Shallow Discharqe Cvclinq (C -c) Test C e l l s .  

Characterization of a l l  t e s t  e lectrodes was done i n  
previous quarters .  Half c e l l  po ten t ia l s  (with respect  t o  
10% discharged nickel  reference electrodes)  w e r e  recorded 
as a function of time and current. Charge and discharged 
capac i t ies  respect ively are  measured by converting the  
length of voltage t races  t o  points  of i n f l e c t i o n  and con- 
ver t ing t o  mahr capacity figures.  Six such measurements 
const i tuted the  character izat ion and subsequent recharacter i -  
zat ion f o r  the  purpose of t h i s  t e s t .  
recorded i n  Table 11. 

The per t inent  data  i s  

I n  the  case of the  negatice:electrodes, there  i s  a 
pronounced in f l ec t ion  point a t  the completion of t he  charging 
react ion (seeFigure 4, 1st Quar te r ly  Report) . It was pos- 
s i b l e  t o  measure both the  charge acceptance and discharge 
capacity and ca lcu la te  hrdtabulate the percent of charge 
acceptance. I n  some cases,  there  i s  shown t o  be a grea te r  
than 100% charge acceptance. 
some tendency t o  increase current  over a period of several  
days because of improper vent i la t ion  i n  t he  equipment. 
was pa r t i cu la r ly  true for  the f i r s t  of a s e r i e s  of character i -  
zat ion tests when several  batches of e lectrodes were character i -  
zed i n  c lose consecutive order. The l a s t  e lectrodes t o  be 
character ized (eg. N-121-N-124, Table 111) were more carefu l ly  
control led and the  data  more dependable i n  t h i s  respect .  The 
change acceptance here  was found t o  be 8 5 ~ 9 5 %  with an average 
discharge capacity of 1350 mahr. 

The power suppl ies  used showed 

This 

2,2.2.2 25OC T e s t  C e l l s  

CC#3 received an inadvertent ex t r a  charge p r i o r  t o  being 
removed from the  CC tes t  program. Residual capacity of the  
two t e s t e d  electrodes is therefore ,  meaningless. The decrease 
of  discharge capaci ty  of these electrodes var ied from 0-17% 
over the  period of the  t e s t  a s  determined by recharacter izat ion.  
The % charge acceptance from the  o r i g i n a l  character izat ion might 
be  anomalously high. The recharacter izat ion (when the  power 
suppl ies  were more careful ly  monitored) tend t o  support the  
o r i g i n a l  figures of 95-loo%, however. 

- 10 - 



Discharge capacity of e lectrodes i n  CC #5 increased from 
20-30% over the duration of the t es t  period. This i s  probably 
not  co r rec t ,  however, since the o r i g i n a l  charac te r iza t ion  done 
a t  t he  C / 1  rate showed inordinately low capac i t ies ,  The % 
charge acceptance i n  the  o r ig ina l  character izat ion i l l u s t r a t e s  
the unacceptabi l i ty  of these f igures  s ince a l l  are cons is ten t ly  
g rea t e r  than 100%. The % charge acceptance i n  the recharac te r i -  
zat ion data  i s  more dependable. The res idua l  capac i t i e s  were 
found t o  be about the  same as the  pos i t i ve  electrodes i n  t h i s  
ce l l  and c lose  t o  the 250 mahr discharge portion of the  t e s t  
program cycle. There w a s  no measurable an t i -polar i ty  charge 
on e i t h e r  character izat ion or recharacter izat ion of any of these 
electrodes.  

2.2.2.3. O°C T e s t  Cell 

N1-26 from CC#4 showed a s l i g h t  increaselof discharge 
capacity (+2.8%) a t  the completion of the cycling tes t .  No  
s i g n i f i c a n t  change i n  charge acceptance w a s  found from the  
charac te r iza t ion  and recharacter izat ion data  (97,  98% 
respect ively)  . The res idua l  charge capacity ( 7 8 1  mahrs) 
w a s  about 55% of the nominal capaci ty  (1400 mahrs) . There 
w a s  no measurable change i n  the carbonate s t e p  nor the a n t i -  
po la r i c  charge s tep.  

2.2.2.4. 4OoC T e s t  Cells 

Residual charge values-of e lectrodes P -72, 50, 10 
(CC# 's  9,  7 ,  2 ,  respectively) w e r e  763, 583, 538 mahrs covering 
a range of 60-45% of the nominal capac i t ies .  
of N1-72  (CC#9) dropped s l i g h t l y  from beginning t o  end of t he  
t es t  period. N1-50 appeared t o  have gained i n  discharge capacity 
b u t  t h i s  affect  i s  probably not real  as has been explained 
earlier.  The apparent lack of capacity loss a t  the  higher 
temperature i s  i n  marked cont ras t  t o  the electrodes i n  the 
Room Temperature c e l l  CC#3. 

Discharge capacity 

2.2.2.5. 4OoC Storaqe Tests 

Four of the  cadmium tes t  e lectrodes w e r e  s tored  fon two 
months af ter  character izat ion and subsequently recharacterized. 
The electrodes were s tored  in  the dry discharged condition 
(as  w e r e  the pos i t i ve  counterparts) and y e t  a l l  l o s t  discharge 
capaci ty  as a r e s u l t  of the  storage.  There was no change i n  
t h e  a n t i p o l a r i t y  charge s t e p  nor the  carbonate s t e p  i n  these 
j u s t  as w a s  t he  case i n  a l l  o ther  cadmium electrodes tes ted .  
There w a s  no apparent change i n  % charge acceptance -- a l l  ranged 
f r o m  85-90%. 
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2.3 shallow Discharqe Cyc l inq  T e s t s  - Task V 

I n  addition t o  the recharacter izat ion of CC test  c e l l  
p l a t e s  described i n  the previous sec t ion ,  one pos i t i ve  and one 
negative electrode from each t e s t  ce l l  was checked by x-ray 
d i f f r a c t i o n  and photo-mickography. 

X-ray d i f f r ac t ion  pat terns  from 4O-45O 2Busing C u u  
rad ia t ion  (Zr f i l t e r )  w i t h  a GE x-ray Diffract ion Analysis 
machine w e r e  taken of one each of the pos i t i ve  and negative 
p l a t e s  from each CC cell .  
c e l l s  u n t i l  j u s t  p r io r  t o  the analysis .  Drying the n icke l  
e lectrodes i n  t h e  charged condition i n  dry, deoxygenated 
nitrogen a t  room temperature d id  not  affect  the r e s i d u a l  
capacity. 
however, made approximately 30% of the capacity temporarily 
inaccessible,  'm prevent the p o s s i b i l i t y  of a r t i f a c t  formation 
giving spurious r e s u l t s  on the d i f f r a c t i o n  pa t t e rns ,  a l l  
samples were sealed w e t  and unwashed i n  0.5 m i l  Profax film.* 

These electrodes were kept i n  the 

Drying the cadmium p l a t e s  under the same condi t ions,  

I n i t i a l l y  it w a s  hoped tha t  the x-ray d i f f r ac t ion  tests 
might be done on three successive l e v e l s  w i th in - the  ac t ive  
material. T h i s  was t o  be accomplished by abrading away the  
covering mater ia l  after examining the f irst  and second leve ls .  
The attempts w e r e  unsuccessful because of the d i f f i c u l t y  of 
cont ro l l ing  the depth of t h e  abraded " c u t s "  b u t  more important, 
because of "smearing" of t h e  ac t ive  material i n t o  the open pore 
s t r u c t u r e .  Attempts t o  "pot" the p l a t e s  i n  epoxy r e s i n  and 
grinding away the surface as i n  metallographic preparation 
introduced an extremely high background tha t  obscurred a l l  
b u t  the s t rongest  cha rac t e r i s t i c  peaks. Final ly ,  it became 
evident when a f e w  successive analyses w e r e  run of the 
surfaces of successive plates,  t ha t  the s t r u c t u r e  of the 
electrode var ied considerably from one sample t o  another 
without regard t o  handling o r  electrochemical cycling h is tory .  

x-ray d i f f r ac t ion  analysis  w a s  a l so  r u n  on the nylon 
separator material t o  determine unequivocally the nature  and 
source of black mater ia l  remaining a f t e r  c e l l s  w e r e  disassembled. 

Micro-photographs of the c ross  sect ion of one of each of 
the pos i t i ve  t e s t  electrodes w e r e  made. These photos are 
reproduced and discussed i n  more de ta i l ,  below, together w i t h  
a discussion of the information derived from the x-ray analysis .  

~~ * 
Biaxia l ly  or ien ted  polypropylene f i l m  from H e r c u l e s  Powder Co. 
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2 . 3 . 1.1 X-ray Diffract ion Analysis of Pos i t ive  T e s t  Plates 

I n i t i a l l y  several  electrodes were f u l l y  charged and f u l l y  
discharged by connecting several c e l l s  w i t h  only nickel  p l a t e s  
i n  series connection with a power supply. A constant cur ren t  
of 250 ma. w a s  applied for  10 hrs. so tha t  the pos i t i ve  p l a t e s  
were f u l l y  charged and the  nickel counter e lectrodes f u l l y  
discharged. Peak heights  are shown i n  T a b l e  I V  for  f u l l y  
charged and f u l l y  discharged p l a t e s  of one p a i r  of samples. 
The  values l i s t ed  are of par t icu lar  samples and are  t y p i c a l  
o f ,  b u t  not ident ica l  t o ,  other samples i n  the  same charge 
condition, Absolute values a re  roughly proportional t o  the 
surface composition of the examined area. These vary, of 
course, from sample t o  sample, and t o  a lesser degree, from 
one area t o  another on the same pla te .  

Even peaks of d i f f e ren t  planes of a p a r t i c u l a r  species 
vary because of random var ia t ions  i n  c r y s t a l  o r ien ta t ion .  
Since it w a s  hope t h a t  the nickel powder matrix would serve 
as an i n t e r n a l  standard of peak height  comparative heights ,  
these considerations were devastating t o  the  success of t h i s  
venture. Nevertheless, some t e n t a t i v e  conclusions could be 
reached on the basis  of the experimental data. 

2.3.1.2 Standard Plates 

I t  w a s  immediately evident from examination of the 
d i f f r ac t ion  charts t h a t  there  w e r e  no unusual compounds i n  
major proportions on the  surface of the p l a t e s .  
of the f u l l y  charged p l a t e s ,  the  B-NiOOH (110) peak i s  j u s t  
bare ly  dis t inguishable  above the rad ia t ion  background. 
was s t i l l  not iceable  quant i t ies  of N i ( 0 H )  present even i n  
the f u l l y  charged p l a t e .  
Nickel were shown by the r a t i o  of the N i c k e l  (200) t o  N i ( 0 H )  
(101) planes: the higher the r a t i o ,  the  higher the s ta te  
of charge. 
the nickel  matrix, the  r a t i o  of the two n icke l  l i n e s  shown 
gives some index of the a b i l i t y  of the methods used  t o  detect 
o r i en ta t ion  of any one species. Comparison of a l l  these r a t i o s  
shown ( 2Oo/23O) i nd ica t e s  such attempts m u s t  from necess i ty  
be very crude. 

I n  the case 

There 

Rough indices  0% the l e v e l  of NiOOH/ 

Since the re  i s  no reason t o  suspect o r i en ta t ion  of 

2.3.1’.3 .-T CC#4 T e s t  Electrode P1-27 

Comparison of Nickel/Ni(OH) l i n e s  ind ica tes  tha t  t h i s  
e lectrode w a s  i n  a s t a t e  of p a r t z a l  charge. R e s i d u a l  capaci ty  
of an e lectrode from the  same c e l l  shows tha t  t h i s  i s  probably 
t rue .  The r a t i o  of the two N i ( 0 H )  
d i f f e r e n t  fhan those of the standa3d p la t e s .  

l i n e s  i s  not appreciably 

2.3.1.4 - CC#3 T e s t  Electrode Pi-22 

The r a t i o  of N i / N i ( O H )  shows co r rec t ly  t ha t  the electrode 
i s  i n  a high state of chargg. The presence of the B-NiOOH l i n e  
reaffirms t h i s  conclusion. The  r a t i o  of the two n icke l  l i n e s  
are i n  about the proper range showing no unusual o r i en ta t ion  of 
t h e  matrix. - 13 - 



2.3.1.5 - CC#5 T e s t  Electrode P1-45 

The  r a t i o  of Ni/Ni:(OH) l i n e s  shows a moderate s t a t e  of 
charge i n  agreement w i t h  thz  res idual  capac i t ies  of the 
companion p la tes .  The lower than expected value i s  due t o  
a higher than ordinary degree of or ien ta t ion  of t he  N i ( 0 H )  
:(lOl) plane. Orientat ion of e l e c t r o l y t i c a l l y  formed mater ia ls  
i s  not unusual b u t  t h i s  e f f ec t  was not observed on other  t e s t  
p la tes .  Most other  p l a t e s  were p a r t i a l l y  destroyed on the 
surface,  however, so orientationcof N i ( 0 H )  might have preceded 
the  surface deter iorat ion i n  the  other  p la tes .  

2.3.1.6 - CC#9 T e s t  Electrode Pi-75 

The r a t i o  of Nickel/Ni(OH) 
residual  capacity data. 
a t  the  surface a s  i s  shown i n  a microphoto (Figure 6 ) t o  be 
described l a t e r ;  This was a l so  shown by physical appearance 
and recharacter izat ion data. There i s  no evidence of o r i en ta t ion  
of res idual  N i ( O H ) 2  nor of the nickel  matrix, 

was higher than expected from 
This ig due t o  loss of act ive mater ia l  

2.3.1.7 - CC#7 Test  Electrode P i -91  

Ratio of Nickel/Ni(OH)2 w a s  higher than expected from recharacter i -  
zat ion data  indicat ing a surface depletion i n  act ive mater ia l .  
Microscopic examination (Figure 7 ) confirmed th i s .  Nickel peak 
r a t i o s  and N i ( 0 H )  peak r a t i o s  were approximately as  should be 
assuming no or imZation.  

2.3.1.8 - CC#2 Test  Electrode P l -7  

The Nickel/Ni(OH)2 r a t i o  was higher than expected from 
res idua l  capacity data ,  Considerable loose mater ia l  adhered 
t o  the separator  mater ia l  however, and the  photo-micrograph 
shows a s l i g h t  depletion of act ive mater ia l .  There was no 
evidence of or ien ta t ion  of ac t ive  o r  conductive mater ia l .  

2.3.2 - X - r a y  Diffract ion Analysis of Neqative T e s t  P la tes  

s imi la r  t o  t h a t  described for the pos i t ive  electrodes.  
data  i s  shown i n  T a b l e  I V .  Ratios of two nickel  peaks 
(matrix mater ia l )  a r e  assumed t o  show l i t t l e  o r  no or ien ta t ion  
although the spread i n  r a t i o s  was somewhat greater .  Two 
cadmium peaks had a wide spread i n  values which i s  probably 
due t o  or ien ta t ion  although there  i s  no cor re la t ion  between 
r a t i o s  and res idua l  charge. Two cadmium hydroxide peaks had 
a narrower spread w i t h  no cor re la t ion  w i t h  res idua l  capaCLty. 
There seemed t o  be some correlat ion with peak heights  of the 
s t rongest  C d ( 0 H )  /cd peaks b u t  it i s  undoubtedly spurious 
because of the &read i n  the individual  mater ia l  peak height  
r a t i o s .  Similar ly ,  there  i s  no information t o  be obtained by 
comparing peak he ights  of Nickel metal t o  e i t h e r  Cadmium o r  
C a d m i u m  Hydroxide peaks, Final ly ,  there  i s  no consis tent  
decrease i n  nickel  peak heights w i t h  t e s t  duration ( t h i s  would 
have suggested extrusion of ac t ive  mater ia l ) .  

Standard comparison electrodes were made i n  a procedure 
X-ray 

- 14 - 



2.3.3 - X-ray Diffract ion Analysis of Loose Material  
Adherinq ‘to Electrode Separators 

When several  of the  CC test  c e l l s  were disassembled 
there  was considerable black mater ia l  adhering t o  the nylon 
separators .  The mater ia l  was found t o  be magnetic w i t h  the 
b u l k  of it adhering t o  the posi t ive electrode side of the  
separator ,  X-ray d i f f rac t ion  examination of separator  
fragments from each c e l l  having the  black r e s i d u e  showed 
strong t races  of Nickel metal and Nickel Hydroxide. Sur-  
p r i s ing ly  strong peaks of Cadmium and Cadxhium Hydroxide 
were a l so  present although there  was very l i t t l e  dark mater ia l  
on the cadmium side of the separator.  A l l  samples r u n  had 
approximately the same peak r a t i o s  although the  individual  
i n t e n s i t i e s  var ied considerably from one sample t o  another. 

2.3.4 Photomicrosraphic Study 

Photomicrographs were taken of one each of the  pos i t ive  
p l a t e s  taken from each of  the CC t e s t  c e l l s  except #5. 
p l a t e s  had previously been examined by X-ray d i f f r ac t ion  and 
had been s tored a t  room temperature i n  dry nitrogen p r io r  t o  
being phoicgraphed. A l l  samples were i n  e s sen t i a l ly  the same 
s t a t e  as  when they were removed from the cycling program. 

Additional pictures  were taken of VO test  p l a t e s  which 
had been chargedand characterized b u t  not  cycled, These were 
i n  a charged and discharged state (200 ma. for  1 2  hrs . )  j u s t  
p r io r  t o  being vacuum impregnated w i t h  epoxy mounting r e s i n  
and being photographed. I n  addi t ion,  one p l a t e  which was i n  
the  as-received condition was mounted and photographed, The 
r e s u l t s  of t h i s  a re  described below. 

The 

The samples were vacuum impregnated with c l e a r  Bakelite 
ERL2795* epoxy r e s in  and mounted i n  a s l i g h t  incl ine.  They 
were then sectioned and polished obliquely t o  broaden the s i n t e r  
s t ruc tu re  between the  nickel-plated s t e e l  skeleton and the 
electrode surface. A l l  samples w e r e  etched i n  2% Ni t a l  and 
photographed a t  l O O X  (reduced l a t e r  for  reproduction) . The 
etchant  u s e d  succeeded only i n  defining the iron-nickel 
boundary of the  nickel  plated sketeton. 
attempts were made t o  del ineate  the two forms of ac t ive  mater ia l  
s u c h  a s  oxidation of the N i ( I 1 )  oxide w i t h  gold chlor ide t o  
p rec ip i t a t e  gold on the discharged material .  
the two nickel  oxides were so int imately mixed t h a t  a l l  such 
deposi ts  were too gross t o  del ineate  differences of oxidation 
states b u t  succeeded only i n  masking off ac t ive  areas. 

Several unsuccessful 

I t  appeared that  

* 
A special  r e s in  which hardens without thermal spiking. 
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2.3.4.1 Green (as-received) VO Plaque 

Figure  1 shows a sectioned green electrode. This e lec-  
t rode was i n  the as-received condition and had not  been 
electrochemically cleaned or  t r ea t ed  i n  any way. The nickel-  
p la ted  steel sect ion a t  the topcof the photo shows a clean 
continuous nickel  deposit  on the  s t e e l  skeleton of t h i s  and 
a l l  other  p l a t e s  examined. Grain s i z e  of t h i s  and a l l  other  
p l a t e s  examined was ASTM-7-8. 

The w h i t e  mater ia l  i n  the s in te red  s t ruc ture  i s  the 
nickel  powder matrix. Grey areas  a re  e i t h e r  epoxy o r  the 
act ive mater ia l .  Boundaries between epoxy and the ac t ive  
mater ia l  are v i s i b l e  a s  rounded o r  shaded l i n e s  caused by 
the difference i n  hardness of the  two. 

The black areas  a re  portions of the porous matrix which 
were not  f i l l e d  by the epoxy resin.  The act ive mater ia l  w a s  
qu i te  f r i a b l e  and some was l o s t  from these areas  during 
polishing. The d i s t r ibu t ion  of the  porous s t ruc ture  i s  
surpr is ingly uniform both i n  s i z e  and configuration as  i s  
the d i s t r ibu t ion  of the act ive material .  

Occassional voids were seen i n  t h i s  and other  plaques b u t  
they w e r e  general ly  quite small. That i n  the  lower l e f t  
port ion of Figure 1, for  instance,  i s  only 18 m i l s  (1/64”). 
S m a l l  micro-cracks are apparent however, and may be inc ip i en t  
f i s su res  that  were considerably grea te r  i n  the f u l l y  
charged p l a t e s  (Figure 2 ) .  T h e  thickness of the nickel  p l a t e  
i s  about 0.4 m i l s .  

2.3.4.2 Fully Charsed VO Plaque 

It w a s  reported e a r l i e r  t h a t  continued overcharge con- 
d i t i o n  caused b l i s t e r i n g  and pimpling of the electrode. This 
p l a t e  (Figure 2) received one charge cycle a f t e r  e lec t ro-  
chemical cleaning of 2400 mahrs o r  approximately 100% over- 
charge. The disrupt ive e f f e c t  of t h i s  charging condition i s  
shown by the  la rge  crack formation -- possibly along the in-  
c i p i e n t  cracks shown i n  F igu re  1. There a re  a lso many more 
macropores i n  the s t ruc ture  although these may be a r t i f a c t s  
of the sample preparation since it i s  qu i t e  obvious t h a t  t he  
sample w a s  not f u l l y  impregnated by the epoxy. Final ly  there 
seems t o  be considerable a t tack of the nickel  powder s t ruc tu re  
adjacent t o  the  nickel  plated s t e e l  skeleton. 

2.3.4.3 Fully Discharqe VO Plaque 

Figure 3 shows the fu l ly  discharged companion electrode t o  
that  described previously. There a re  no gross  defects  i i i s ib le  
w i t h  a very even d is t r ibu t ion  of ac t ive  mater ia l  and s i n t e r  
s t ruc ture .  The thickness of  nickel  p l a t e  i s  ski l l  about 0.4 m i l s .  
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2.3 .4 .4 .  O"C, CC#4 T e s t  Electrode P,-27 

Only one OOC t e s t  electrode was examined and i s  shown i n  
Figure 4. The nickel  p l a t e  remained a t  about 0.4 m i l  th ick-  
ness over the t es t  period (2078 cyc les ) .  The porosi ty  seems 
t o  have increased over the t e s t  period presumably because of 
oxidation of the nickel  powder s t ruc ture .  The retent ion of 
capaci ty  on recharacter izat ion (see T a b l e  I) indica tes  t h a t  
the oxidized nickel  was contributing t o  ava i lab le  capacity 
i n  s p i t e  of the loss of considerable material from the 
electrode.  A n  i n t e re s t ing  feature i s  the  p a r t i a l  sect ion of 
a pimple a t  the  bottom of the photo. The pimple i s  about 
30-35 m i l s  i n  diameter (1 /32" ) .  

2 .3 .4 .5 .  25OC, CC#3 T e s t  Electrode P1-22 

Only one 25OC tes t  electrodes w a s  examined and i s  shown 
i n  Figure 5. There w a s  no change i n  n icke l  p l a t e  thickness 
b u t  there  w a s  gross de te r iora t ion  of the  powder matrix. The 
large pore i n  the  center  may be s i m i l a r  t o  t h a t  i n  Figure 1 
(i.e. it may have been i n  the plaque o r ig ina l ly )  o r  it may be 
due t o  the  cycling h is tory .  The  presence of some nickel  powder 
i n  the  pore and the  surface appearance ( T a b l e  I) seems t o  
ind ica t e  t h a t  it i s  the l a t t e r .  

2 .3 .4 .6 .  40OC, CC#9 T e s t  Electrode P I - 7 5  

Figure 6 shows one o f  three 4OoC tes t  electrodes t h a t  
w e r e  examined. A l l  th ree  4OoC tes t  electrodes l o s t  a con- 
s iderable  amount of nickel  p la te  (estimated thickness i s  
about 0 .1  m i l ) .  T h i s  w a s  observed only i n  the  4OoC c e l l s  
and i s  presumably a temperature--voltage dependent nickel  
corrosion. There i s  an obvious l i n e  of demarcation between 
the  nickel  p l a t e  and nickel  powder present.  This ind ica tes  
a p r e f e r e n t i a l  corrosion of the nickel  p l a t e  during the  cycling 
tes t  compared t o  t h a t  of the nickel  powder. A t  the  bottom of 
the  photo i s  a sectioned pimple which i s  l i ned  w i t h  a higher 
than ordinary amount of n i c k e l  powder. Steady accumulation of 
gas i n  pockets such as  these may w e l l  be the  reason for  the  
severe de te r iora t ion  of VO p la tes  under the  high C-rate charac- 
t e r i z a t i o n  tests described in  an ear l ier  report .  A s i m i l a r  
pocket w a s  seen i n  Figure 1 and may be the  precursor of a 
pimple o r  bl is ter .  

2.3.4.7.  4OoC, CC#7 T e s t  Electrode P I - 9 1  

The steel skeleton of t h i s  sample (Figure 7) shows some 
inter-granular  a t tack  adjacent t o  the  n icke l  p l a t e  ind ica t ing  
penetrat ion of the  p l a t e  by e l e c t r a l y t e .  The microscopic 
appearance of t h i s  electrode i s  good excepting for  the  e f f e c t s  
mentioned above near the  nickel p l a t e  i t sel f .  A macroscopic 
photo (Figure 8) shows areas evident o f  "crack" formation t h a t  
are not v i s i b l e  on the  photo-micrograph however. This 
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Ilcracked" appearance was observed on other  p l a t e s  although 
usua l ly  it was much less obvious. 

2.3.4.8 40°C CC#2 Test Electrode P i -7  

T h i s  e lectrode also suf fered  corrosion a t  the nickel  
plate as shown i n  Figure 9. The " i s land"  a t  the bottom of 
the f igure i s  the top of a pimple as i s  shown more c l e a r l y  
i n  Figure lo, a macrophotograph of the same sample. Con- 
s iderable  degradation of material  i s  evident i n  both photos 
although the  "cracks" alluded t o  i n  the previous sample a re  
almost absent. 

2.4 RA Test,  Task I V  

The Random Discharge Test r e s u l t s  w e r e  not  obtained th i s  
quarter .  We hope t o  pursue electrode analysis  i n  the  f i n a l  
quarter i n  the same vein as the  preceding-CC t e s t  c e l l  summary. 
By the end of the  present  quarter, the  c e l l s  had 10 days of 
cycling underway. 

2.5 RB Test -Task:, VI1 

RB t e s t . c e l l s  were not removed from the cycling tests 
during th i s  quarter  s ince primary e f f o r t  w a s  devoted t o  
analysis  of CC t e s t  c e l l  electrodes.  120  addi t ional  have 
accGed t o  the previous numbers making a t o t a l  of 358 for  
the 25OC c e l l s  and 166 fo r  the 0% and 4OoC c e l l s .  

3.0 Proqram fo r  N e x t  Quarter  

Examination, capacity measurements, recharacter izat ion 
of  tes t  c e l l  e lectrodes w i l l  be completed and conclusions 
reported. 

4.0 New Technolow R e p o r t  

There were no new developments during t h i s  quarter which 
came under the "New Technology" clause of t h i s  contract .  
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TABLE f 

PROGRAM TASKS 

NAS 5-3477 

TASK MEASUREMENTS 

1. 

2. 

3, 

4- 

5. 

6. 

7. 

Control and Recordins Equipment 
Design and fabr ica t ion  of t es t  
equipment 
T e s t  C e l l  A s s e m b l i e s  
Design and fabr ica t ion  of  
test  cel ls  
Electrode Preparation 
Electrochemical cleaning of 
reference and ce l l  electrodes 
inspection and welding of 
i d e n t i f i c a t i o n  tabs  
Characterization Test-CA and CB 
C-A Constant c u r r e n t  
charging a t  C/10 

C-I3 Constant c u r r e n t  
discharging a t  C/10 

Shallow Discharge Cycling T e s t s  
c-c. 
Constant current  cycling t o  25-35% 
range t o  determine memory effects. 

Random Discharqe T e s t s  R-A 

Random discharges averaging 10% 
25%, 50%, and 75% depth of dis-  
charge over a 6-day period using 

None 

None 

Capacity check and 
weight . 

C-A 

C-B 

c-c 

R-A 

Gaussian and rec t angu 1 ar d i s t r ibu t ion  
fo r  discharge periods. 

Charqinq Cyclinq T e s t s  R-B 

Charge a t  C/5 r a t e  and discharge a t  
C / 2  ra te  t o  0.9 vol t s .  

Constant Voltage, Current Limited R-B 

Determine charge curve. 
Determine rate of 
gassing of pos i t i ve  
electrodes . 
Determine discharge 
curve . 
Make periodic  capacity 
determination . 
M a k e  ana lys i s  of 
physical  propert ies .  
Recovery test .  
Periodic charge and 
discharge curve. 
Recharacterization 
tests . 

Periodic charge and 
discharge curve. 
Recharacterization 
tests, 
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Figure 1. Green Nickel Electrode 4 5 X  270 Nital 
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Figure 2. P 5 - 2 6  45X 270 N i t a l  (Fully charged) 
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Figure 8. P1-91 5X 27'0 Nita l  
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